Mutations in the neurofilament light (NFL) gene cause Charcot-Marie-Tooth (CMT) disease. There is a wide range of clinical presentations in CMT patients harboring NFL mutations, with patients classified as CMT2E or CMT1F. In this study, we analyzed the effects of five NFL mutations on the assembly and intracellular distribution of intermediate filaments (IFs), and compared the results with those obtained previously for other NFL mutations. Although all NFL mutants affected the formation of IF networks, our data show differential effects on the assembly of IFs depending on the exact nature of the mutation. Defective transport of the mutant NFL subunits was observed for all the CMT-linked NFL mutations, but the characteristics of this defect also depended on the specific mutation. These results show that defects in the assembly and transport of NFs are common to all NFL mutants studied thus far, but the exact nature of the defect appears to be correlated with each mutant genotype.
INTRODUCTION
Neurofilaments (NFs) are intermediate filaments (IFs) with important functions in the development and structural maintenance of axons. NFs are composed of three subunits, called heavy (NFH), medium (NFM) and light (NFL) according to their size. NFs are expressed specifically in neurons with higher levels in large myelinated axons. They are synthesized in the cell body and then transported to the axons. NFs have a tri-partite structure typical of all IFs consisting of a conserved central coil-coiled rod domain that mediates dimerization, and globular N-terminal head and C-terminal tail domains. The N-terminal head domains are also important for the formation of filamentous networks (1) . NFL can selfpolymerize in vitro (2, 3) and is required for in vivo assembly of NFs (4, 5) . Mice null for NFL are viable but display a 15 -20% reduction in the number of myelinated axons, decreased axonal diameters and impaired nerve regeneration (6) . Alterations of NFs have been identified in a number of neurological diseases, including Alzheimer's disease (7, 8) , Parkinson's disease (9) , amyotrophic lateral sclerosis (ALS; 10), diabetic neuropathy (11) and toxic neuropathies (12) .
Charcot-Marie-Tooth (CMT) disease is a slowly progressive bilateral neuropathy with distal predominance. It is an inherited sensory and motor neuropathy, with a reported prevalence of approximately 1 : 2500 (reviewed in 13, 14) . Symptoms due to loss of muscle control and muscle atrophy include weakness, foot drop, foot deformity and progressive leg deformity. CMT has been subdivided according to nerve conduction velocity studies into a primarily demyelinating form (CMT1) and a primarily axonal form (CMT2). CMT is an extraordinarily heterogeneous disease at both the clinical and molecular levels. Mutations in different genes can present with the same phenotype, while different mutations in the same gene can result in very different clinical symptoms. The overlap at the genetic and clinical levels suggest the possibility that common mechanisms may underlie the development of neuropathy in all CMT patients, and confirms the importance of the interaction and communication between axons and Schwann cells.
The first NFL mutation described in a CMT patient was in the rod domain of the NFL protein (15) . A second mutation was subsequently reported in the head domain of NFL (16) . Both mutations had autosomal dominant patterns of inheritance. Mutations have not yet been described in the NFM gene, which is adjacent to NFL on chromosome 8p21. Several additional mutations of the NFL gene in other CMT patients have recently been described (17 -20 2207-2220 doi:10.1093/hmg/ddh236 Advance Access published on July 28, 2004 are located in all three domains of the NFL gene: E7K, P8Q, P8L, P22S, P22T and E89K in the head domain; N97S, A148V and E397K in the rod domain; D469N and a deletion (E528del) in the tail domain (Fig. 1 ). Some patients have been classified as CMT1F and others as CMT2E, without a clear direct relationship with the specific mutations identified in each patient. The P8 and P22 amino acid residues appear to be mutational hot spots. Previous studies using transfected cells have demonstrated that the P8R and Q333P mutations affect the formation of NF networks and the transport of NFs and mitochondria (21, 22) . We also demonstrated that D469N NFL was normal with regard to the assembly of IFs (22) . D469N NFL was previously identified in a study searching for NF mutations in ALS patients, but was also present in controls (23) . Our results confirm that it is not a pathogenic mutation. The E528del variant has also been reported to be a polymorphism (24) .
In this study we have characterized newly described NFL mutations that have been linked to additional CMT patients using our previously developed cell culture systems (22) . We evaluated the effects of these mutations on the formation of NF networks. We also studied the effects of these mutations on the targeting and distribution of NFs and mitochondria and investigated alterations of the MT network as potential mechanisms of pathogenesis. Our results suggest that these NFL mutations also cause the disruption of NF networks resulting in defective axonal transport. These observations confirm that disruption of axonal transport may be a common pathogenic mechanism involved in a number of neurological and neurodegenerative diseases. Moreover, the cellular models could be useful to assess potential therapeutic options to treat CMT and other diseases characterized by disorganization of the NF networks.
RESULTS
We have studied the effects of newly reported CMT-linked NFL mutations on their abilities to assemble and on their transport using cell culture models. We first characterized the effects of NFL mutations on the self-assembly of NFL, then proceeded to analyze their potential dominant-negative effects on the formation of homopolymeric and heteropolymeric IF networks. For these experiments we used SW13 Vim 2 cells devoid of all endogenous cytoplasmic IFs and SW13 Vim þ that express an endogenous vimentin network. Since our previous studies showed that there were no major differences in IF assembly in a 24 -72 h period (22) , we chose the 48 h post-transfection time-point for our analysis of IF assembly. These studies have also shown that the mutant phenotypes in the transfected cells could be discerned independent of the level of overexpression by the appropriate comparison with wild-type and non-pathogenic NFL. In the present study, we have observed defects in assembly and transport even when relatively low levels of the transfected protein are expressed. We initially carried out transient transfection experiments in SW13 Vim 2 cells and collected total cell lysates for analysis of exogenously expressed NFL mutants by Western blotting. All the NFL mutant proteins resulted in the production of a full-size protein of the correct molecular weight.
Assembly characteristics of E7K NFL are indistinguishable from wild-type NFL One of the reported CMT patients was a compound heterozygote (E7K/P8R) (19) . P8R was detected in all affected members of the family, but E7K was not transmitted to the next generation. In our studies, E7K NFL always assembled normally (Table 1) . It retained the ability to self-assemble ( Fig. 2A) , co-assemble with wild-type NFL (Fig. 2G ) and form heteropolymeric NFM/NFL networks ( Fig. 3A and B) . E7K NFL also fully incorporated into the vimentin network when transfected into SW13 Vim þ cells (Fig. 4A and B) . Moreover, in cells overexpresssing E7K NFL, we observed a normal MT network (data not shown). These results suggest that E7K is a polymorphism that behaves phenotypically like wild-type NFL and allowed us to use E7K NFL as a control in our experiments.
NFL mutations affecting the P8 amino acid result in similar defects of IF assembly
One of the first CMT-linked NFL mutations that has been reported is the P8R mutation. Several additional mutations affecting the P8 amino acid residue of NFL suggest that this residue is a mutational hot-spot. We have analyzed the E7K/P8R compound NFL mutation, as well as two newly described mutations, P8Q and P8L (19) .
The compound E7K/P8R mutant was very similar to the P8R mutant (22) . The most common phenotype was the formation of one or more discrete cytoplasmic inclusions (Fig. 2B) . Co-transfection with wild-type NFL did not result in the formation of filaments, but there were significant numbers of cells displaying a punctate cytoplasmic staining pattern (Fig. 2H ). This punctate staining pattern was not observed when E7K/P8R NFL was transfected by itself, suggesting that co-transfection with wild-type NFL either reduces or delays the formation of the inclusions. When the E7K/P8R mutant was co-transfected with NFM ( Fig. 3C and  D) , the resulting filaments were also similar to the P8R mutant, with a predominance of thick, bundled filaments that did not fill the entire cytoplasm (arrows in Fig. 3C and D) . Overexpression of the E7K/P8R mutant in SW13 Vim þ cells resulted in the formation of bundled filaments containing both vimentin and NFL ( Fig. 4C and D ; arrow in Fig. 3D points to a bundled IF structure containing both endogenous vimentin and exogenously expressed E7K/P8R NFL mutant). In cells with NFL inclusions, the endogenous vimentin often appeared to be down-regulated or absent (data not shown). The MT network appeared normal, but tubulin staining was absent from areas where the NFL aggregates were located, and the intensity of tubulin staining was usually increased in the areas adjacent to the NFL inclusions (not shown). Overall, these results suggest that E7K/P8R and P8R are phenocopies.
The effects of the P8Q mutation on the assembly of IFs were also similar to the P8R mutant. P8Q NFL was unable to self-assemble and usually formed aggregates in the form of one or more discrete cytoplasmic inclusions ( Fig. 2C ; Table 1 ). When P8Q NFL was co-transfected with wild-type NFL (Fig. 2I, arrows) , we observed either punctate staining or the formation of inclusions, indicating that P8Q NFL had a dominant-negative effect on wild-type NFL assembly. Upon co-transfection with NFM ( Fig. 3E and F) , filaments were observed in nearly all the transfected cells (Table 1) . However, these filaments were generally thick and bundled (arrows in Fig. 3E and F) . About 10% of transfected cells had NFL inclusions, which were also immunoreactive with anti-NFM antibodies. When SW13 Vim þ cells were transfected with the P8Q mutant, (Fig. 4E and H) , we observed similar phenotypes to those obtained for the P8R and E7K/P8R mutants. The P8Q mutant incorporated into the endogenous vimentin network, sometimes resulting in the formation of thick bundles, which were positive for both anti-vimentin and anti-NFL ( Fig. 4E and F, arrow in Fig. 4F points to a highly bundled filament). Occasionally, overexpression of P8Q NFL resulted in the collapse of the endogenous vimentin network into a bundled structure ( Fig. 4G and H, arrow in Fig. 4H ). The P8Q mutant apparently did not affect the MT network, although some MTs were bundled, surrounding the mutant NFL inclusions (data not shown). This bundling of MTs was not observed in areas with punctate staining. In summary, the phenotypes observed upon transfection of the P8Q NFL mutant were similar to those observed for the P8R and E7K/P8R NFL mutants.
Single transfections of P8L NFL in SW13 Vim 2 cells also resulted in the appearance of inclusions of NFL mutant protein, with predominance of one or more discrete cytoplasmic inclusions ( Fig. 2D and Table 1 ). Co-transfections with wild-type NFL often resulted in punctate staining that served as background for one or more discrete NFL inclusions, although discrete inclusions were also found in the absence of punctate staining (Fig. 2J, arrows) . In contrast to the other P8 NFL mutants, the P8L NFL/NFM copolymers did not appear filamentous ( Fig. 3G and H, see arrows for different morphologies of inclusions). We also observed a small subset of transfected cells (,10%) displaying a different phenotype with the accumulation of non-filamentous mutant NFL and NFM proteins in a 'sheet'-like structure (described below in Fig. 2F ). The P8L mutant in transfected SW13 Vim þ cells Figure 1 . Location of CMT-linked NFL mutations and NFL variants in the different protein domains of NFL. In addition to the five mutations and one variant described in this study, the diagram also shows the NFL mutations/variants that we have previously studied, as well as recently described mutations not included in our study. The different domains of NFL are not drawn to scale. SW13 Vim 2 cells were transfected with different NFL mutants and at 48 h post-transfection the cells were fixed and stained using an anti-NFL antibody plus either anti-vimentin or anti-NFM antibodies. For each mutant NFL we scored 340-811 transfected cells (105 -295 transfected cells were scored for each mutant NFL and each transfection paradigm). resulted either in aggregates or thick and bundled filaments (data not shown) similar to the P8Q mutant. As observed with other P8 mutants, in some cells with inclusions, there appeared to be little vimentin expression. The MT network appeared normal, although bundling of MTs surrounding mutant NFL inclusions was often seen (data not shown).
Novel phenotypes associated with the E89K and N97S NFL mutations
Two of the recently reported NFL mutations are located in the region close to the junction of the head and the rod domains of NFL (Fig. 1) . The E89K mutation is located at the end of the head domain of NFL, while the N97S mutation is at the beginning of the rod domain. Our transient transfection experiments indicated that these two mutations resulted in similar assembly defects. The phenotypes were different from those seen for the P8 NFL mutants, but some similarities were observed with the previously described Q333P mutant (22) .
Single transfections of E89K NFL in SW13 Vim 2 cells resulted in punctate staining in 70% of transfected cells ( Fig. 2E and Table 1 ), indicating that this mutant is also incapable of self-assembly. We occasionally observed thin, short filaments along with the punctate staining, but these filaments were never extended as observed for wild-type or nonpathogenic NFL variants ( Fig. 2A) . When the E89K mutant was co-transfected with wild-type NFL none of the transfected cells showed a clear filamentous network (Table 1 ). We observed a wide variety of phenotypes: slightly over half the cells had punctate staining, whereas others showed a 'sheet'-like structure (Fig. 2K, arrow) . When we co-transfected the E89K mutant with NFM, 40% of the co-transfected cells showed filamentous staining ( and J). We also observed some cells displaying the 'sheet' phenotype, but less frequently than in co-transfections with wild-type NFL. Upon transfection in SW13 Vim þ cells, the E89K NFL incorporated into the endogenous vimentin network. There were no apparent alterations of the MT network.
N97S NFL was also not able to self-assemble ( Fig. 2F ) and exerted a dominant-negative effect on the formation of a homopolymeric NFL network (Fig. 2L ), since no filaments were formed in either single or co-tranfection experiments. N97S NFL also displayed the 'sheet'-like phenotype in single transfection experiments (arrows in Fig. 2F ), or when co-transfected with wild-type NFL (arrows in Fig. 2L ). Cells co-transfected with N97S NFL and NFM generally showed a punctate staining pattern (70% of all transfected cells), although we also observed a subset of cells with the 'sheet'-like phenotype (Fig. 3K and L) . Thick filamentous bundles were observed in about 10% of the cells co-transfected with N97S NFL and NFM. In SW13 Vim þ cells transfected with N97S NFL, the mutant protein incorporated into the endogenous vimentin network ( Fig. 4I and J) . The cells sometimes displayed a densely positive core from which filaments splayed out (arrow in Fig. 4J ). Some cells were negative for staining with anti-vimentin antibodies and displayed inclusions of mutant N97S NFL protein (data not shown). We did not observe any obvious alterations of the MT network (data not shown). In summary, the N97S NFL mutation also lacks the ability to self-assemble and has a dominant-negative effect on the formation of homopolymeric NFL networks. A unique phenotype of N97S NFL shared with E89K NFL is the formation of 'sheet'-like non-filamentous structures.
Defective targeting of NFL mutants to the processes of a neuronal cell line
In order to determine whether the mutant NFL proteins were targeted normally to processes, we transfected the NFL . The staining for both NFL and NFM perfectly co-localized in all cases. In some cases co-transfection of NFM resulted in the formation of filaments, which did not have a normal appearance. Arrows point to curved thick filaments in panels C -F, to straight short thick filaments in panels I -J, and to irregular inclusions of different morphologies in panels G -H. Bar ¼ 19 mm. mutant constructs in neuronal CAD cells. CAD cells were differentiated in serum-free media after transfection and fixed and analyzed at different times post-transfection (overnight, 48 h, 72 h and 144 h). We co-stained transfected cells with anti-NFL and anti-tubulin antibodies to determine the distribution of NFL proteins in the processes.
Exogenously expressed E7K NFL was distributed throughout the cell body and processes of CAD cells (Fig. 5A) , with a tendency to accumulate distally over time (see large arrow in the distal branching point in Fig. 5A ). In some cells we saw a filamentous staining pattern in the cell body (small arrow in Fig. 5A ). Similar results were obtained for wild-type NFL and the non-pathogenic D469N NFL polymorphism (R. Perez-Olle et al. submitted for publication). Accumulations of high levels of E7K NFL did not prevent its distribution into the processes, and we rarely observed neuritic degeneration in cells overexpressing E7K NFL. These results support the conclusion that E7K is a non-pathogenic polymorphism.
The results for the transfections with E7K/P8R, P8Q or P8L mutants were similar to those obtained for the P8R mutant ( Fig. 5B and C, P8L shown as a representative example). Many transfected cells accumulated the mutant NFL protein in their cell bodies, with preferential accumulations of mutant protein in the initial segment of the process (large arrows in Fig. 5B ). Occasionally small amounts of P8L NFL were observed in processes in a discontinuous fashion (small arrows in Fig. 5B ). In some transfected cells, we observed structures resembling highly bundled filaments, forming twists and knots (arrows in Fig. 5C ).
For the E89K and N97S NFL mutants, we observed small amounts of mutant NFL protein distally in the processes in some cells (small arrows in Fig. 5E , E89K NFL is shown, and similar phenotypes were observed with N97S NFL). The accumulations of mutant NFL often extended to the middle segments of the processes, rather than being limited to the initial segments (large arrows in Fig. 5E ). Unlike the P8 NFL mutants, these two NFL mutants frequently formed small isolated focal accumulations in the processes with increased tubulin immunoreactivity surrounding the inclusions (shown for N97S NFL, large arrow in Fig. 5D ). The intensity of tubulin staining distal to the axonal inclusions of mutant NFL protein was also decreased (small arrow in Fig. 5D ). Lack of processes in cells expressing very high amounts of mutant NFL protein in the cell body was commonly observed with all the NFL mutations.
Altered subcellular distribution of mitochondria in neuronal and non-neuronal cells overexpressing NFL mutants
Alterations of mitochondrial distribution due to the P8R and Q333P NFL mutations linked to CMT have previously been described (21) . We therefore investigated the effects of the additional NFL mutations on the distribution of mitochondria in SW13 Vim 2 and CAD cell lines using the specific rhodamine-labeled dye MitoTracker Red. No alterations in the distribution of mitochondria in SW13 Vim 2 cells were observed after overexpression of E7K NFL, which does not form protein inclusions (data not shown). Overexpression of the mutations affecting the P8 residue resulted in a normal distribution of mitochondria when cells expressing the P8Q mutant displayed a punctate staining pattern, (Fig. 6A and C) , but when the overexpression of the P8Q mutant resulted in inclusions, progressive clumping of mitochondria was observed ( Fig. 6D and F , the small arrow shows the co-aggregation of mitochondria with the inclusion, while the large arrow in Fig. 6E points to the remaining mitochondria that still have a normal distribution). The E89K and the N97S NFL mutants had less severe phenotypes, which correlated with their reduced tendency to form discrete inclusions. However, when inclusions were formed, the perinuclear redistribution of a population of mitochondria observed in cells with a punctate NFL staining pattern (shown for N97S NFL; arrow in Fig. 6H ) appeared to progress to the complete trapping and clumping of mitochondria (arrows in Fig. 6K ).
We also observed defective subcellular distribution of mitochondria when we overexpressed mutant NFL proteins in differentiated CAD cells. CAD cells transfected with E7K NFL showed a normal distribution of mitochondrial labeling throughout the cell body and processes (Fig. 6M) . In contrast, there was a marked decrease in the distribution of mitochondria in the processes of differentiated CAD cells transfected with any of the other mutant NFL proteins ( Fig. 6N-P) . This effect correlated with the accumulation of mutant NFL protein in the cell body and the proximal segment of the processes. Expression of E89K or N97S NFL resulted in decreased labeling of mitochondria distal from inclusions of mutant NFL in the processes (small arrows in Fig. 6N for N97S NFL). The inclusions also appeared to trap the mitochondria (large arrow in Fig. 6N ). The reduced distribution of mitochondria into the processes was more marked in cells transfected with the P8 NFL mutants. Representative examples of P8L NFL (Fig. 6O ) and E7K/P8R NFL (Fig. 6P ) are shown. There were accumulations of mutant protein in the initial and proximal segments (large arrows in Fig. 6O and P) and virtually no labeling of mitochondria distally in the processes (small arrows in Fig. 6O and P) .
Effects of overexpression of mutant NFL on the MT network
Overexpression of the five NFL mutant proteins in this study did not cause collapse of MTs (Fig. 7A -F) . However, we observed displacements of the surrounding MTs by the neurofilamentous inclusions leaving an area devoid of MTs ( Fig. 7D -F ; the arrow in Fig. 7E points to the area devoid of MTs that is occupied by the NFL inclusion, pointed at by the arrow in Fig. 7F ). Similar observations were made in neuronal CAD cells (Fig. 7G -I ) when mutant NFL inclusions formed in the process (Fig. 7G , also see arrow in Fig. 7I ), leaving an area devoid of MTs (arrow in Fig. 7H ). This apparent change in the alignment of MTs could have deleterious effects on axonal transport.
DISCUSSION
The number of mutations in the NFL gene in CMT patients is growing, and the discovery of additional mutations requires functional examination of each mutation in order to gain a better understanding of how NFL mutations may result in CMT and to determine if there is a correlation between each specific mutation and the clinical phenotype. The first two reported NFL mutations, Q333P and P8R resulted in defects of IF assembly and intracellular transport (21, 22) .
Computer analysis of NFL mutations linked to CMT
We used the MultiCoil software (25) to evaluate changes in the coiled-coil probability of the mutant proteins and found only small changes in two of the mutants, E89K and N97S. We also used the Network Protein Sequence @nalysis (NPS@) (26) to evaluate changes in the secondary structure of NFL introduced by the CMT-linked mutations. The E7K/ P8R, P8R and P8L mutations introduced a five amino acid stretch with an extended strand in the middle of the random coil structure, while the extended strand stretch introduced by the P8Q mutations comprises four amino acids. These changes in secondary structure could affect the assembly properties of mutant NFL proteins.
Phosphorylation and glycosylation are two of the post-translational modifications of NFs. We used the NetPhos 2.0 prediction server (27) to analyze changes in potential phosphorylation sites introduced by the NFL mutations. The N97S mutation resulted in the introduction of a new potential phosphorylation site for protein kinase C (PKC) at S97. NFL phosphorylated by PKC (at Ser residues 12, 27, 33 and 51) no longer forms filaments (28) and PKC activation in dissociated cultures of spinal cord results in fragmentation of the NF network within 30 min (29) . Moreover, treatment with a PKC inhibitor regenerates the endogenous NF network that collapsed by overexpression of NFL in neuronal cells in culture (30) . These observations suggest that changes in potential phosphorylation sites resulting from NFL mutations linked to CMT could be biologically important. We also used the NetOGlyc v2.0 Prediction Software from NPS@ (26) to assess changes in potential O-glycosylation sites introduced by NFL mutations and found the loss of a potential glycosylation site (residue S5) in the P8R and P8Q NFL mutants. Glycosylation is another important post-translational modification of NFs (31, 32) and the loss of this site could affect the assembly of mutant NFL.
NFL mutations linked to CMT affect the assembly of IF networks
We demonstrated that E7K NFL is not likely to be a pathogenic mutation, since it behaved identically to the wild-type NFL in assembly assays. The E7K/P8R double mutation in cis was phenotypically similar to the P8R mutant. Both P8Q NFL and P8L NFL mutations have phenotypes similar to the P8R mutant. However, the effect of the P8L mutant is the most severe of the three mutations affecting this residue, because even co-transfection with NFM did not lead to the formation of any filaments. In contrast, E89K NFL was not able to self-assemble or co-assemble with wild-type NFL into filaments, but co-transfection with NFM resulted in almost 40% of cells with filamentous structures. Finally, the N97S NFL mutation also resulted in the loss of the capability to self-assemble and co-assemble with NFL, but co-transfection with NFM led to the formation of heteropolymeric filaments in only 11% of the cells.
NFL mutations result in defective targeting of NFs into processes
Our previous studies using a neuronal cell line showed that the targeting and distribution of mutant NFL was altered (R. Perez-Olle et al. submitted for publication). The wildtype protein was efficiently targeted to neuronal processes, but the transport of mutant NFL to the processes was inhibited. Our results show that E7K NFL was targeted to processes in the same fashion as wild-type NFL, confirming that the nucleotide change resulting in E7K NFL is a polymorphism not linked to the development of CMT. Mutations affecting amino acid P8 (P8R, E7K/P8R, P8Q, P8L) all resulted in accumulations of mutant NFL protein in the cell body and the proximal segments of the processes. Similar results were obtained for E89K and N97S NFL, but these mutant proteins were generally observed further distally in the processes than the P8 mutants. Interestingly, overexpression of E89K and N97S NFL often resulted in small inclusions that appeared to cause distension or swelling of the processes, as well as accumulation and decreased transport of tubulin (see top neurite in Fig. 5D for an example of N97S NFL).
Effects of mutant NFL overexpression on the MT network
Overexpression of the five mutant NFL proteins in this study did not collapse the MT network. Similar results were obtained for the previously reported NFL mutations (22) . However, we observed that discrete inclusions of mutant NFL proteins appeared to displace the surrounding MTs, leaving an area devoid of MTs. This phenomenon was particularly striking in the processes of cultured neuronal cells. These subtle effects could potentially affect the interactions between NFs and MTs, between MTs and MT-associated proteins, and between MTs and molecular motors, thereby affecting axonal transport. Impaired axonal transport caused by overexpression of the MTassociated protein tau has been recently reported (33) .
Altered intracellular distribution of mitochondria in cells expressing mutant NFL
One of the effects observed with the first two reported NFL mutations was the disruption of axonal transport of NFs and mitochondria (21) . We have extended these observations to five additional NFL mutations. Our results are consistent with a model, where progressive aggregation of NFs resulted in trapping of mitochondria within the neurofilamentous inclusions. Inclusions containing SOD1 have been shown to disrupt trafficking of mitochondria in non-neuronal cells (34) . Moreover, trapping of organelles (including mitochondria) in inclusions and vacuolar degeneration has also been shown in animal models of ALS and in human ALS patients (35) . The lack of mitochondria in the axons would result in energy deficits that could result in axonal dysfunction and, eventually, axonal degeneration.
Defects of axonal transport in neurological disorders
Both disorganization of NFs and alterations of axonal transport occur in many neurodegenerative diseases. A rare form of axonal hereditary motor and sensory neuropathy in which accumulations of NFs occur in giant axons has been described (36) . Accumulation of NFs is also one of the main characteristics of giant axonal neuropathy, linked to mutations in the gigaxonin gene (37) . Furthermore, a novel neurofilamentopathy in patients that have early-onset dementia has been reported (38) , supporting a more direct role for NF aggregation in neurodegeneration. We have previously observed disrupted transport and accumulation of amyloid precursor protein (APP) in cells overexpressing mutant NFL proteins (R. Perez-Olle et al. submitted for publication). Axonal transport defects and accumulations of NFs have also been observed in mouse models for ALS (10, 39) . There is also circumstantial evidence linking decreased transport of NFs and CMT. Demyelination results in reduced levels of NF phosphorylation and reduces the slow component of axonal transport and the caliber of axons (40) . Altered levels of NF phosphorylation have been reported in CMT1 (41) . Thus, the demyelinating forms of CMT could in part be the result of secondary defects of the axonal transport of NFs that in turn could be important in the progression of the neuropathy. Progressive and length-dependent loss of axons has been observed in CMT1 patients and has been suggested to result from defective local interactions between axons and glia (reviewed in 42). Moreover, CMT patients with NFL mutations have been reported to present with a demyelinating phenotype (16, 19) .
Insights into the mechanisms underlying disease heterogeneity in CMT caused by NFL mutations
All reported CMT patients with NFL mutations have autosomal dominant or sporadic patterns of inheritance. CMT caused by NFL mutations comprises a spectrum of clinical presentations sharing common pathogenic mechanisms. According to their clinical presentation, patients with NFL mutations were initially classified as CMT2 (15) , but recently other patients with NFL mutations have been classified as CMT1 (19) . There is a high degree of heterogeneity among the different CMT patients with NFL mutations. The heterogeneity of the phenotypes caused by NFL mutations is apparent from the great variation in age of onset, which ranges from the first year of life (19) to the third decade of life (15) . This heterogeneity can actually be observed within members of the same family. For example, patients of a three-generation family with an E397K NFL mutation presented with very variable clinical phenotypes and age of onset (20) . However, sensory nerve action potentials and sensory conduction velocities were generally well preserved in this family, in contrast to other reported CMT families with NFL mutations that showed small or absent sensory nerve action potentials (16, 19) . Three de novo NFL mutations (P8L, E89K, and N97S) have been reported in patients with a disease onset at 1 or 2 years of age (19) . The authors suggested that these mutations might compromise the reproductive capacity of these patients. However, the N97S mutation has also been reported in another CMT patient, a 35-year-old man with disease onset at 15 years (18) . In some families with NFL-linked CMT mutations, younger patients have milder symptoms than older patients, suggesting the possibility of a progressive pathogenic process. In our studies, we found that these three mutations caused defects in the ability of the mutant NFL to coassemble with NFM. However, the Q333P NFL also caused a similar assembly defect, but the disease only manifested between the second and third decade (15) .
An explanation for the heterogeneity of mutations linked to CMT could be that the effects of the NFL mutations are context dependent. The in vivo interaction of NFL with the myotubularin-related 2 protein phosphatase (MTMR2) gene, which is mutated in CMT4B patients, has been reported (43) . The authors suggested that NFL might serve as a scaffold to place MTMR2 at its required site for activity, or that NFL could itself be a substrate for MTMR2. The different NFL mutations could affect the interaction of NFL with MTMR2 to different extents, resulting in primarily demyelinating or axonal phenotypes. A recent study has also identified mutations in the small heat shock protein chaperone, Hsp27 in CMT2 patients that can affect the ability of NFL to self-assemble (44) , further supporting the potential roles of co-factors in the disease.
In the current study, we have found that different NFL mutations result in different assembly phenotypes, which in turn may determine specific defects on axonal transport. The mutations in the P8 residue of NFL generally cause severe motor and sensory NCV slowing (19) . In our neuronal cell culture model, mutant P8 NFL proteins tended to accumulate in the initial segment of the processes. These aggregates could cause axonal transport blockage, although further evidence is needed to corroborate this hypothesis. Transgenic mouse models have demonstrated that the accumulations of NFs in the cell body with a concomitant absence of axonal NFs is relatively well tolerated (45) . Axonal aggregates caused by transgenic expression of an assembly-defective NFL transgene resulted in motor neuron death (46) . We have observed different degrees of accumulations of neurofilamentous inclusions in the processes of the neuronal CAD cell line due to the different mutations. It will be interesting to learn whether there are different degrees of neurofilamentous inclusions due to these CMT-linked NFL mutations and how these inclusions correlate with the observations that we have made in the cell culture systems. Axonal blockage and disruption of axonal transport are obvious mechanisms by which NFL mutations could result in neuronal dysfunction and the clinical manifestations of neuropathy in CMT patients. Our studies add further evidence for disruption of axonal transport as one of the underlying pathogenic mechanisms in the development of human neuropathies and other neuromuscular and neurodegenerative disorders.
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MATERIALS AND METHODS

Cell lines and culture conditions
For studies of IF assembly we used the human adrenocarcinoma cell line SW13 Vim 2 that is devoid of all endogenous cytoplasmic IFs, as well as the SW13 Vim þ cell line that expresses an endogenous network of vimentin (47) . Both cell lines were generously provided by Dr Robert Evans at the University of Colorado. They were cultured in DMEM supplemented with 5% fetal bovine serum and 1% antibiotic with 5% CO 2 .
To study the neuronal targeting of mutant NFs and the subcellular distribution of mitochondria we have employed the catecholaminergic cell line CAD (48), which we established as a neuronal cell culture model to study the effect of NFL mutations on their targeting to the neurites (R. Perez-Olle et al., submitted for publication). CAD cells were generously provided by Dr Dona Chikaraishi at Duke University. CAD cells in culture show morphological heterogeneity. CAD cells were routinely maintained in DMEM/F12 media supplemented by 8% fetal bovine serum and 1% antibiotics in a humid atmosphere with 5% CO 2 .
Generation of expression constructs
We have previously described the cloning of the cDNAs for wild-type NFL and NFM (22) . We employed site-directed mutagenesis techniques using the QuickChange Mutagenesis Kit (Stratagene, La Jolla, CA) following the manufacturer's instructions to generate pCI-based expression constructs of the NFL mutations (E7K, E7K/P8R, P8Q, P8L, E89K and N97S) using the following primers: The sequences of all mutant expression vectors were confirmed using the BigDyeTM sequencing kit (Applied Biosystems, Foster City, CA) and a Perkin Elmer/Applied Biosystems Model ABI 377A Sequencer at Columbia University's DNA Sequencing Facility.
Transient transfections
The Lipofectamine Plus kit (Invitrogen, Carlsbad, CA) was used for transfection of both cell lines in serum-free media.
Transfections were carried out following the protocols provided by the manufacturer as previously described (22 and R. Perez-Olle et al. submitted for publication).
Indirect immunofluorescence microscopy
For immunostaining, the cells were grown in 18 mm glass coverslips. Immunofluorescence staining was performed according to previously published procedures (22) . Briefly, at different times post-transfection, the cells were fixed and permeabilized with cold methanol at 2208C, or were fixed with 4% paraformaldehyde in 1 Â PBS at room temperature and permeabilized with 0.1% Triton X-100. Cells were washed with 1Â PBS prior to immunostaining, blocked with 10% normal goat serum and incubated with the primary antibody. The coverslips were then washed with 1Â PBS, incubated with the corresponding fluorescently labeled Alexa-Fluor secondary antibody (Molecular Probes, Eugene, OR), washed again with 1Â PBS and mounted. When indicated, the cells were also stained with the specific nuclear dye Hoechst 33342. The specificity of immunostaining was verified by omitting the primary antibodies in parallel cultures. A Nikon Eclipse 800 microscope and a Snap II digital camera were used to obtain the images, which were processed using Adobe Photoshop software. We quantified the phenotypes observed regarding IF assembly. Shown are representative results from one experiment in which single transfection and co-transfection of mutant NFL with wild-type NFL or NFM were carried out simultaneously, with data pooled from three coverslips each being evaluated for each paradigm.
Antibodies used
The antibodies used in our experiments were mouse anti-NFL (clone NR4), mouse anti-NFM (clone NN18), mouse antivimentin (clone V9) and mouse anti-ab-tubulin (clone 2-28-33) monoclonal antibodies (Sigma, St Louis, MO), rabbit anti-NFL and rabbit anti-NFM polyclonal antibodies (49) and anti-b III -tubulin antibody (Covance, Princeton, NJ, kindly provided by Dr Michael L. Shelanski, Columbia University).
Subcellular distribution of mitochondria in neuronal and non-neuronal cells overexpressing NFL mutants
In order to study the intracellular distribution of mitochondria we used the specific mitochondrial dye MitoTracker Red (Molecular Probes). SW13 Vim 2 or CAD cells were transfected with different NFL constructs and at different times post-transfection, the cells were labeled with 400 nM of MitoTracker Red at 378C for 60 min, washed, fixed with cold 4% paraformaldehyde in 1 Â PBS, permeabilized with 0.1% Triton X-100 at room temperature and immunostained following routine procedures using anti-NFL antibodies. In the case of SW13 Vim 2 cells we labeled the mitochondria at 48 h posttransfection, while neuronal CAD cells were differentiated for 96 h in serum-free media before transfection and the mitochondria were labeled at 24 h post-transfection.
